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576 of 1,385 “BL downregulated” 
genes represented in clusters

1,218 of 2,312 “BL upregulated” 
genes represented in clusters

reference set Chaiwanon et al., 2015 reference set Chaiwanon et al., 2015 

briTRIPLE vs 
Wild type

briT-RESCUE vs 
Wild type

briT-RESCUE vs 
briTRIPLE

briTRIPLE vs 
Wild type

briT-RESCUE vs 
Wild type
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briTRIPLE
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738 of 1,721 “BL downregulated” 
genes represented in clusters

380 of 1,280 “BL upregulated” 
genes represented in clusters

reference set Liu et al., 2020 reference set Liu et al., 2020 
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495 of 1,385 “BL downregulated” 
genes represented in clusters w/o cortex

1,145of 2,312 “BL upregulated” 
genes represented in clusters w/o cortex

reference set Chaiwanon et al., 2015 reference set Chaiwanon et al., 2015 
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AT1G02970 WEE1
AT1G15570 CYCA2;3
AT1G16330 CYCB3;1
AT1G18040 CDKD;3
AT1G20610 CYCB2;3
AT1G20930 CDKB2;2
AT1G44110 CYCA1;1
AT1G47210 CYCA3;2
AT1G47220 CYCA3;3
AT1G47230 CYCA3;4
AT1G47870 E2Fc
AT1G49620 KRP7
AT1G66750 CDKD;2
AT1G70210 CYCD1;1
AT1G73690 CDKD;1
AT1G76310 CYCB2;4
AT1G76540 CDKB2;1
AT1G77390 CYCA1;2
AT1G80370 CYCA2;4
AT2G17620 CYCB2;1
AT2G22490 CYCD2;1
AT2G23430 KRP1
AT2G26760 CYCB1;4
AT2G27960 CKS1
AT2G27970 CKS2
AT2G32710 KRP4
AT2G36010 E2Fa
AT2G38620 CDKB1;2
AT3G01330 DEL3
AT3G11520 CYCB1;3
AT3G12280 Rb
AT3G19150 KRP6
AT3G24810 KRP5
AT3G48160 DEL1
AT3G48750 CDKA;1
AT3G50070 CYCD3;3
AT3G50630 KRP2
AT3G54180 CDKB1;1
AT4G03270 CYCD6;1
AT4G28980 CDKF;1
AT4G34160 CYCD3;1
AT4G35620 CYCB2;2
AT4G37490 CYCB1;1
AT4G37630 CYCD5;1
AT5G02110 CYCD7;1
AT5G02470 DPa
AT5G03410 DPb
AT5G06150 CYCB1;2
AT5G10270 CDKC;1
AT5G10440 CYCD4;2
AT5G11300 CYCA2;2
AT5G14960 DEL2
AT5G22220 E2Fb
AT5G25380 CYCA2;1
AT5G27620 CYCH;1
AT5G43080 CYCA3;1
AT5G48820 KRP3
AT5G63610 CDKE;1
AT5G64960 CDKC;2
AT5G65420 CYCD4;1
AT5G67260 CYCD3;2
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AT1G12560 EXPA7
AT1G20190 EXPA11
AT1G26770 EXPA10
AT1G62980 EXPA18
AT1G65680 EXPB2
AT1G65681 EXPB6
AT1G69530 EXPA1
AT2G03090 EXPA15
AT2G20750 EXPB1
AT2G28950 EXPA6
AT2G37640 EXP3
AT2G39700 EXPA4
AT2G40610 EXPA8
AT2G45110 EXPB4
AT3G03220 EXPA13
AT3G15370 EXPA12
AT3G29030 EXPA5
AT3G45960 EXLA3
AT3G45970 EXLA1
AT3G55500 EXPA16
AT3G60570 EXPB5
AT4G01630 EXPA17
AT4G17030 EXLB1
AT4G28250 EXPB3
AT4G38210 EXPA20
AT4G38400 EXLA2
AT5G02260 EXPA9
AT5G05290 EXPA2
AT5G39260 EXPA21
AT5G39270 EXPA22
AT5G39280 EXPA23
AT5G39290 EXP26
AT5G39300 EXPA25
AT5G39310 EXPA24
AT5G56320 EXPA14

AT1G28290 AGP31
AT1G35230 AGP5
AT1G55330 AGP21
AT1G68725 AGP19
AT2G14890 AGP9
AT2G22470 AGP2
AT2G23130 AGP17
AT2G33790 AGP30
AT2G45470 AGP8
AT2G46330 AGP16
AT2G47930 AGP26
AT3G01700 AGP11
AT3G06360 AGP27
AT3G13520 AGP12
AT3G57690 AGP23
AT3G61640 AGP20
AT4G09030 AGP10
AT4G12730 FLA2
AT4G16980 AGPx
AT4G26320 AGP13
AT4G37450 AGP18
AT4G40090 AGP3
AT5G10430 AGP4
AT5G11740 AGP15
AT5G14380 AGP6
AT5G18690 AGP25
AT5G24105 AGP41
AT5G40730 AGP24
AT5G53250 AGP22
AT5G56540 AGP14
AT5G64310 AGP1
AT5G65390 AGP7
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1 Description
1.1 Straightening & restoring radial symmetry
1.1.1 Input data

For each sample, a table exported from MorphoGraphX [1] with the following properties for each cell:

• Positions of cell centers {ri = (xi, yi, zi)}.

• Identity: Quiescent center cells should have identity “QC”, a series of selected xylem cells perpendicular to the
main axis should have identity “xylem_axis”. Positions of these quiescent center and xylem axis cells will be
used to perform initial alignment of the root.

• Volume, longitudinal length, radial length, circumferential length, ...: these properties will be used for visual-
ization (e.g. size of spheres or ellipsoid) and will be aggregated and reported in the analysis section.

Cells satisfying any of the following properties are considered as outliers and ignored:

• xi 6∈
[
P

(x)
5 − 1.5

(
P

(x)
95 − P

(x)
5

)
, P

(x)
95 + 1.5

(
P

(x)
95 − P

(x)
5

)]
• yi 6∈

[
P

(y)
5 − 1.5

(
P

(y)
95 − P

(y)
5

)
, P

(y)
95 + 1.5

(
P

(y)
95 − P

(y)
5

)]
• zi 6∈

[
P

(z)
5 − 1.5

(
P

(z)
95 − P

(z)
5

)
, P

(z)
95 + 1.5

(
P

(z)
95 − P

(z)
5

)]
where P (x)

n , P (y)
n and P (z)

n denote the n-th percentile of all {xi}, {yi} and {zi} respectively.
For each sample, a mesh in Stanford ASCII ply format (optionally compressed with gzip).

1.1.2 Initial alignment

Let us denote by Q the centroid of the quiescent center cells (QC) and by X the centroid of the selected “xylem
axis” cells. The xylem axis direction (denoted v) is then obtained as the direction of largest variance1 of the xylem
axis cell centers projected onto the plane perpendicular to X − Q (i.e. ∼ root axis direction). Finally, the unit
vectors in direction x, y and z are denoted by ex, ey and ez respectively.
The following transformations are performed to align the root with the coordinate system:

• All cells are rotated to bring X −Q parallel to ez and v parallel to ex.

• All cell centers are translated by −Q to bring the quiescent center centroid to the origin.

Figure 1 shows cell centers after initial alignment.
1eigenvector of the covariance matrix corresponding to largest eigenvalue (could also be done with PCA).
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1.1.3 Main axis estimation

The main axis of the root is evaluated using a sliding window weighted average (using cell volume as weight) along
the z axis (figure 2a and b), with the n-th window is defined as

{(x, y, z) ∈ R|z ∈ [(n− 1)w/2, (n+ 1)w/2)]}

where w = (max({zi})−min({zi})) /4 is the window width and n = 1, 2, · · · , 7.
The main axis is then smoothed and extrapolated (it is extended by 20% on each side) using a fit to a cubic spline2

(figure 2c).
The resulting main axis is then divided into 8 segments by choosing 9 equidistant points (denoted {p1, p2, · · · , p9})
on the axis (figure 3 left). For each point pj (with j = 2, 3, · · · , 8), the local distribution of cell centers is summarized
by two vector a1 and a2 (principal axes) perpendicular to the main axis at pj , obtained with the following procedure:

• Consider all cell centers lying between the planes (1) perpendicular to the main axis at pj−1 and passing
through pj−1 and (2) perpendicular to the main axis at pj+1 and passing through pj+1. Example: figure 3a,
the selected region for p6 is shown in light blue.

• Project the selected cell centers on the plane perpendicular to the main axis at pj and passing through pj .

• Evaluate eigenvectors (v1,v2 and v3) and eigenvalues (λ1 ≥ λ2 ≥ λ3 = 03) of the weighted (with cell volume
as weight) covariance matrix of the projected cell centers.

• Choose vector a1 parallel to v1 with length
√
λ1 and vector a2 parallel to v2 with length

√
λ2 (figure 3b).

The principal axes are then smoothed using a fit to a cubic spline4 weighted by total cell volume of cell centers used
at each point p2, p3, · · · , p8 (figure 3c).

1.1.4 Straightening and restoring radial symmetry

The smoothed main axis is divided into 1000 segments by choosing 1001 equidistant points (denoted {p1, p2, · · · , p1001}).
At each point pj (with j = 1, 3, · · · , 1000), consider all cell centers lying between the planes (1) perpendicular to
the main axis at pj and passing through pj and (2) perpendicular to the main axis at pj+1 and passing through pj+1
(the selected region for pj is illustrated by a light blue in figure 4a). Let a1 and a2 denote the principal axes at point
pj (figure 4b and f)). The following transformations are applied to all considered cell centers:

• Scaling from point pj by a factor f1 =
√
|a1| · |a2|/|a1| in direction f2 = a1 and by a factor

√
|a1| · |a2|/|a2|

in direction a2.

• Rotation to bring the main axis tangent parallel to ez

• Translation to bring pj at position d · ez, with d the signed distance between pj and the point of the main axis
with z = 0, measured along the main axis curve.

This operation is repeated for all pj with j = 1, 3, · · · , 1000.

1.1.5 Final alignment

After straightening and restoration of the radial symmetry, the main axis pass through the origin of the coordinate
system. However, the centroid of the quiescent center cells is not necessarily exactly on the main axis and therefore
not on the origin. In addition, the non-isotropic scaling might changes the orientation of the xylem axis, resulting in
xylem axis not parallel to the xz plane anymore.
Therefore a final alignment is performed:

• All cells are rotated to bring v parallel to ex.

• All cell centers are translated by −Q to bring the quiescent center centroid to the origin.

As in section “initial alignment”, Q denotes the centroid of the quiescent center cells and v denotes the xylem axis
direction evaluated using cell centers after straightening and restoration of the radial symmetry.

2using R function stats::smooth.spline() with default parameters.
3due to the projection on the plane
4using R function stats::smooth.spline() with default parameters and df=5.
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1.1.6 Mesh

Mesh vertices are transformed using the same transformations as the cell centers (i.e. initial alignment as well as local
translation, rotation and scaling to straighten and restore radial symmetry and final alignment). The parameters of
the transformations are estimated on the cell centers, but the resulting transformations are applied to all positions
(cell centers and mesh vertices).
Each mesh is then smoothed using the following operations in meshlab [2] (version 2020.07):

• "Merge close vertices" (with default parameters).

• "Laplacian Smooth" (with default parameters).

1.2 Analysis
1.2.1 Cells data

Various cell properties are summarized using sliding windows along radial direction (r) and along the main axis
direction z. In this analysis, original cell properties exported from MorphoGraphX are used (cell volume, cell wall
area, longitudinal length, radial length and circumferential length). These properties are not transformed together
with cell center positions when straightening and restoring radial symmetry. For this analysis, all cells from all sample
in the group (genotype) are pooled together. Cells with volume below 10µm3 or above 50000µm3 are ignored.
Each window is a cylindrical shell (figure 5) defined as the set of points (x, y, z) ∈ R such that z ∈ [zmin, zmax) and
r
√
x2 + y2 ∈ [rmin, rmax).

For a given window, the distribution of a cell property (e.g. radial cell length) is summarized by evaluting the
average and standard deviation over all cells with center5 inside the window. The standard error of the mean (sem)
is evaluated as (standard deviation)/√n with n the number of cell centers inside the window. In the limit of large
n, the sem can be used to estimate a 95% confidence interval for the average: [average-2*sem,average+2*sem].
In addition to sliding window averages of cell properties, the sliding window cell density per sample is evaluated as the
total number of cell centers in each window divided by (volume of the window)*(number of samples in the group).
Note that the cell density is measured after straightening and restoring radial symmetry.

Sliding windows along the radial direction: For a given z range [zmin, zmax), a window of size ∆r = 10µm
centered on r (i.e. with rmin = r −∆r/2 and rmax = r + ∆r/2) is used to evaluate average and sem of a gvien
cell property. This operation is repeated by placing the windows at regularly spaced r positions. As an example, the
average radial cell length obtained with sliding windows with z ∈ [250, 300) is shown in figure 6. Figure 7 shows an
example of cell density for the same set of windows.

Sliding windows along the z direction: For a given r range [rmin, rmax), a window of size ∆z = 50µm centered
on z (i.e. with zmin = z−∆z/2 and zmax = z+ ∆z/2) is used to evaluate average and sem of a gvien cell property.
This operation is repeated by placing the windows at regularly spaced z positions. As an example, the average radial
cell length obtained with sliding windows with r ∈ [20, 30) is shown in figure 8. Figure 9 shows an example of cell
density for the same set of windows.

1.2.2 Meshes

The goal of this analysis is to estimate the distribution of triangle directions (weighted by triangle area) per unit of
solid angle
Each mesh is first transformed using the same transformations as the corresponding cell centers (i.e. initial alignment
as well as local translation, rotation and scaling to straighten and restore radial symmetry and final alignment).
Triangles with z coordinate of the centroid above 300µm or below 0µm are ignored.
Let us denote by ni the unit vector perpendicular to the plane containing the i-th triangle of the mesh, and by Ai

its area. ni = (ni,x, ni,y, ni,z) can be expressed with spherical coordinates (figure 10)

ni,x = sin(θi)cos(ϕi)
ni,y = sin(θi)sin(ϕi)
ni,z = cos(θi)

To evaluate the distribution of triangle directions (i.e. {ni}), the spherical coordinates (θ and φ) are partitioned into
bins of size ∆θ = ∆ϕ = π/200.

5after straightening and restoring radial symmetry
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For each triangle, the area Ai is assigned to the bin corresponding to its normal vector ni falls. The area Ai is also
assigned to the bin corresponding to the opposite vector −ni. The distribution of triangle directions is then obtained
by summing all areas assigned to each bin, and normalizing by the bin area6 (i.e. solid angle covered by the bin).
Note that with this normalization, an isotropic distribution of triangle directions will produce a flat distribution (same
value for all bins).
The resulting distribution of triangle directions (weighted by triangle area) per unit of solid angle can be visualized on
a sphere (figure 11), in the ϕθ plane (figure 12) or in polar coordinates with θ as radial coordinate and ϕ as angular
coordinate (figure 12).
To focus on the dependence on θ, one can integrate over ϕ, i.e. sum all area per unit of solid angle with a given θ
(figure 14). Note that with the chosen normalization, an isotropic distribution of triangle directions will produce a
flat distribution (same value for all bins).

2 Implementation
All methods were implemented in R [3], using the following packages

• rgl [4].

• geomorph [5].

• data.table [6].

• ggplot2 [7].

• cowplot [8].

Meshes were smoothed using meshlab [2] (version 2020.07).

References
[1] P. B. de Reuille et al. (2015). MorphoGraphX: A platform for quantifying morphogenesis in 4D. eLife 4:e05864.

https://www.mpipz.mpg.de/MorphoGraphX

[2] P. Cignoni et al. (2008) MeshLab: an Open-Source Mesh Processing Tool. Sixth Eurographics Italian Chapter
Conference. https://www.meshlab.net/

[3] R Core Team (2020). R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. http://www.R-project.org/. R version 4.0.3.

[4] D. Adler, D. Murdoch et al. (2020). rgl: 3D Visualization Using OpenGL. R package version 0.103.5. https:
//CRAN.R-project.org/package=rgl

[5] D. C. Adams, M. L. Collyer and A. Kaliontzopoulou (2020). Geomorph: Software for geometric morphometric
analyses. R package version 3.3.1. https://cran.r-project.org/package=geomorph

[6] M. Dowle and A. Srinivasan (2020). data.table: Extension of ‘data.frame‘. R package version 1.13.6. https:
//CRAN.R-project.org/package=data.table

[7] H. Wickham (2016). ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York. R package version
3.3.3. https://ggplot2.tidyverse.org

[8] C. O. Wilke (2020). cowplot: Streamlined Plot Theme and Plot Annotations for ’ggplot2’. R package version
1.1.1. https://CRAN.R-project.org/package=cowplot

6(ϕ2 − ϕ1)(cos(θ1) − cos(θ2)) is the area of the bin [θ1, θ2] × [ϕ1, ϕ2].

4



x

z

yx

y

z

(a)

(b) (c)

Figure 1: Cell centers after initial alignment. Cell centers are represented as spheres with volume
proportional to cell volumes. Quiescent center cells (red) and selected xylem axis cells (blue) are shown
with colored circles.
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Figure 2: Main axis evaluation using sliding windows (a-b) and spline smoothing (c).
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Figure 3: Evaluation of principal axes along the main axis (a-b and e-f) and spline smoothing (c and
g). Top and bottom rows present the same plots with different view points.
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with principal axes (red) in the selected region (b,f). Cell centers after straightening and radial symmetry
restoration (c,g).
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Figure 5: Cylindrical shell region.

Figure 6: Average (colored lines) radial cell length versus radial position of the window, colored by
group (genotype). Radial cell length, r and z are in µm. Shaded regions extend by ±2(standard error
of the mean) around the average and correspond approximately to the 95% confidence interval for the
average. The standard error of the mean (sem) is obtained as (standard deviation)/√n, with n the
number of cell centers inside the window.

Figure 7: Cell density (number of cells/(window volume * number of samples in the group), in µm−3)
versus radial position of the window (µm), colored by group (genotype).
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Figure 8: Average (colored lines) radial cell length versus z position of the window, colored by group
(genotype). Radial cell length, r and z are in µm. Shaded regions extend by ±2(standard error of
the mean) around the average and correspond approximately to the 95% confidence interval for the
average. The standard error of the mean (sem) is obtained as (standard deviation)/√n, with n the
number of cell centers inside the window.

Figure 9: Cell density (number of cells/(window volume * number of samples in the group), in µm−3)
versus z position of the window (µm), colored by group (genotype).
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Figure 11: Distribution of triangle directions (weighted by triangle area) per unit of solid angle.
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Figure 12: Distribution of triangle directions (weighted by triangle area) per unit of solid angle.
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Figure 13: Distribution of triangle directions (weighted by triangle area) per unit of solid angle.
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Figure 14: Distribution of triangle directions (weighted by triangle area) per unit of solid angle (sum
over ϕ), normalized so as to have a total area of one.
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